P
arafibromin (Cdc73) is encoded by the CDC73 (HRPT2) tumor suppressor gene, mutated in hyperparathyroidism-jaw tumor syndrome (HPT-JT) and sporadic parathyroid tumors. HPT-JT is an autosomal-dominant multiple neoplastic syndrome characterized by parathyroid tumors, ossifying fibromas of the mandible and maxilla, and renal cysts and tumors (1, 2) . Mutations consist of truncation, missense, and frameshift alterations within the HRPT2 ORF and are predicted to result in deficient or impaired protein function (1) (2) (3) .
Recently, we and others (4) (5) (6) have shown that, like its yeast counterpart, Cdc73 is a component of the human Paf1 complex (Paf1C). The human Paf1C includes 4 subunits with homology to members of the yeast Paf1C (Cdc73, Paf1, Ctr9, and Leo1) and an additional subunit, Ski8 (6) . The human Rtf1 homolog does not appear to be part of the Paf1C, unlike its yeast counterpart. As in yeast, the human Paf1C has a central role in orchestrating cotranscriptional histone modifications. Both the yeast and mammalian Paf1 complexes are required for histone H2B monoubiquitination, which, in turn, is critical for histone lysine 4 (H3-K4) and lysine 79 (H3-K79) methylation (7) In addition, the yeast Paf1C is also required for H3-K36 methylation (8) . The human Paf1C has been found to associate with a H3-K4 methyltransferase complex (4) .
Genetic studies in yeast suggest that the Paf1C modulates RNA biogenesis. Deletion of Paf1C component genes results in an overall reduction in the poly(A) tail length of mRNA (9) . Furthermore, the Paf1C is involved in some way in 3Ј end formation of polyadenylated mRNAs (10) and nonpolyadenylated RNAs, such as snoRNAs and snRNAs (11) . Most recently, it has been shown that the yeast cleavage and polyadenylation factor Cft1 associates with Paf1C and requires the Paf1C for its interaction with RNA polymerase II (12) .
Most eukaryotic mRNA precursors (pre-mRNAs) undergo an extensive maturation process. Processing of the 3Ј end occurs cotranscriptionally and can be divided into 2 distinct steps: endonucleolytic cleavage of the nascent mRNA 3Ј end followed by synthesis of the poly(A) tail. Multiple protein factors are involved in mammalian mRNA 3Ј processing (13) (14) (15) . The core machinery includes poly(A) polymerase, cleavage and polyadenylation specificity factor (CPSF), cleavage stimulation factor (CstF), and cleavage factors I and II. Both CPSF and CstF are crucial to identify the precise sequence elements on the pre-mRNA where cleavage and subsequent polyadenylation occur (16) . Recent studies have shown that a CPSF subunit, CPSF-73, is the pre-mRNA 3Ј-end-processing endonuclease (17) . Importantly, RNA polymerase II, specifically the C-terminal domain of its largest subunit (CTD), is also required for efficient 3Ј end formation, likely serving to help link 3Ј processing to transcription (18, 19) .
Here, we present evidence that Cdc73 is physically associated with CPSF and CstF, connecting the Paf1C directly with RNA 3Ј end formation in human cells. Furthermore, we identify Cdc73 target genes and provide evidence that Cdc73 is required for optimal expression and CPSF/CstF recruitment to one of these, the INTS6 gene. Our results suggest that an important role of the tumor suppressor Cdc73 is to help coordinate transcription and RNA processing of specific genes.
Results

Cdc73
Physically Associates with the CPSF and CstF Complexes. To explore the molecular architecture of human Cdc73 complexes, we used mass spectrometry to identify complex components from anti-Cdc73 immunoprecipitates with an antipeptide polyclonal antibody, Ab648. Among these proteins are the major constituents of the Paf1C (4-6) and the CPSF and CstF 3Ј mRNA processing complexes (Fig. 1A and Fig. S1a ). Immunoprecipitation with a second anti-Cdc73 antibody, Ab649, which is somewhat less specific as it also immunoprecipitated angiomotin from whole-cell extract ( Fig. 1 A Right) (4), but not from nuclear extracts (Fig. S1b) , identified the same proteins as Ab648 and histone methyltransferase complex (HMTase) components ( Fig. 1 A Right) .
Because both anti-Cdc73 Ab648 and Ab649 immunoprecipitated multiple components of the CPSF and CstF complexes, we decided to verify these results by performing reciprocal coimmunoprecipitations from HeLa nuclear extracts. Both of the anti-Cdc73 antibodies immunoprecipitated symplekin, known to associate with both CPSF and CstF (20) , and multiple CPSF and CstF subunits (Fig. 1B) . These interactions remained intact after treatment with RNase (Fig. 1B) , suggesting that the Cdc73-CPSF-CstF complex is assembled via protein-protein interactions rather than protein-RNA interactions. Conversely, anti-CPSF and anti-CstF subunit antibodies immunoprecipitated Cdc73 (Fig. 1C) . We also found that Cdc73 cofractionated on a glycerol gradient in a high molecular weight complex overlapping components of CPSF and CstF (Fig. S1c) . Our results are consistent with the studies by Nordick et al. (12) , demonstrating that the yeast Paf1C component, Ctr9, associates with the polyadenylation factor Cft1, the yeast homolog of CPSF160, and indicate that Cdc73 is directly or indirectly associated with the CPSF/CstF complexes. Anti-Paf1-or anti-Leo1-specific antibodies did not immunoprecipitate CPSF or CstF subunits, suggesting either that human Cdc73 may function independently of the Paf1C to interact with CPSF/CstF or that the specific epitopes, to which these anti-peptide Paf1 and Leo1 antibodies are directed, are required for CPSF/CstF interaction that is therefore undetectable with these antibodies.
The Cdc73-CPSF-CstF Complex Is Necessary for 3 mRNA Processing in
Vitro. Given that CPSF and CstF are required for mRNA 3Ј cleavage activity (17, 21) , we wanted to determine whether the Cdc73-associated complex cleaves pre-mRNA substrates. Immunodepletion of Cdc73 from HeLa nuclear extracts resulted in efficient codepletion of CPSF-160, CPSF-100, CPSF-30, and CstF-64, whereas RNA polymerase II isoforms and menin were not depleted ( Fig. 2A) . Cdc73-depleted, protein A-Sepharose bead-depleted, or untreated nuclear extracts were then used for in vitro cleavage reactions. Compared with control extracts, Cdc73-depleted extracts exhibited decreased cleavage of premRNA 3Ј processing substrates derived from the adenovirus type 2 L3 gene (AdL3) and the apoliprotein C-I gene (ApoCI) (Fig. 2B ). These results indicate that the CPSF/CstF 3Ј mRNA processing activity is associated with Cdc73 but do not imply that Cdc73 is itself essential for in vitro 3Ј cleavage. Indeed, extensive purification of the 3Ј processing machinery suggests that Cdc73, or Paf1C, is not an essential core 3Ј processing factor. Rather, we suspect that the association reflects a mechanism for facilitating linkage of the polyadenylation machinery to other complexes involved in gene expression, i.e., in transcription (14, 22) . Because mRNA processing occurs while the nascent RNA chain is being synthesized by RNA polymerase II (14, 23), we tested whether the Cdc73-associated complex is also necessary for transcription-coupled cleavage and polyadenylation in vitro. To this end, we incubated bead-depleted and Cdc73-depleted nuclear extracts with a DNA template that is transcribed from a CMV promoter and contains the AdL3 poly(A) site. RNA products were then separated into nonpolyadenylated and polyadenylated fractions by oligo(dT) selection. Five percent of the nonpolyadenylated and all of the polyadenylated RNA fractions were analyzed on a denaturing gel. Strikingly, whereas equivalent amounts of nonpolyadenylated AdL3 pre-mRNA were synthesized by all tested nuclear extracts (Fig. 2C Left) , indicating that transcription was unaffected by Cdc73 depletion, synthesis of polyadenylated RNA was greatly reduced in the Cdc73-depleted extracts (Fig. 2C Right) . In contrast, immunodepletion of the Cdc73-associated complex had no effect on transcriptioncoupled splicing (Fig. 2D) . We conclude that the Cdc73-associated complex is necessary for efficient 3Ј end cleavage and polyadenylation, but not splicing, when these processes are coupled with transcription in vitro. Although we did not observe an effect of Cdc73 depletion on transcription of the naked DNA template used in these experiments, it will be of interest to repeat the experiments with chromatin templates.
Cdc73 Depletion Results in Decreased Ints6 Expression and Increased
Relative Abundance of 3-Extended INTS6 Transcripts. Given that the Cdc73 complex is associated with functional 3Ј mRNA processing activity, we reasoned that Cdc73 might modulate levels of cellular transcripts via 3Ј processing. To test this possibility, we examined global gene expression patterns in control and CDC73 siRNA-treated HeLa cells by using oligonucleotide array hybridization. Cells treated with 2 different CDC73 siRNAs revealed genes whose expression is down-regulated (Table S1 ) or up-regulated (Table S2 ) upon depletion of Cdc73. To verify the expression alterations, we analyzed the abundance of CDC73, INTS6, BANP, and LIFR, which were the most down-regulated transcripts encoding characterized proteins that were represented by at least 3 probe sets on the arrays (Fig. 3A) , using quantitative real-time RT-PCR. Cells transfected with CDC73 siRNAs expressed significantly lower levels of CDC73, INTS6, BANP, and LIFR mRNA compared with luciferase (LUC) and lamin (LMNA) siRNA-treated cells (Fig. 3B) .
We next focused on Ints6, a component of the Integrator complex that mediates 3Ј end processing of snRNAs, because the INTS6 transcript was the most down-regulated mRNA upon depletion of CDC73. Immunoblot analysis showed that depletion of Cdc73 resulted in decreased levels of the Ints6 protein ( Fig.  3C and Fig. S2a) . Changes in transcript level of additional integrator subunits were not detected in our microarray studies, and immunoblot analysis for several integrator subunits did not reveal changes in their protein expression upon Cdc73 depletion (data not shown). Importantly, cotransfecting an siRNAinsensitive CDC73 mutant together with CDC73 siRNA restored Ints6 protein levels, whereas cotransfection with vector control did not rescue Ints6 expression (Fig. S2b) .
We next sought to determine whether the reduced INTS6 transcript level could be correlated with changes in the 3Ј ends of INTS6 transcripts. INTS6 transcripts are predicted to use at least 3 3Ј processing sites (see Fig. 3D ). We therefore used quantitative real-time RT-PCR to quantify different portions of the INTS6 transcript. Strikingly, after Cdc73 depletion by siRNA, relative levels of INTS6 transcripts with longer 3Ј UTRs (as measured by the ratio of signals obtained with primer pairs Ext1 and Ext2 compared with signals obtained with a primer pair within the coding region; CDS, Fig. 3D ) was increased. These results suggest that Cdc73 affects INTS6 transcript length and abundance. One scenario is that this effect reflects at least in part a function of Cdc73, and the Paf1C, in facilitating recruitment of the 3Ј end processing machinery to active genes. 5) , or bead-immunodepleted NE (lanes 3 and 6) were used in an in vitro cleavage assay using labeled adenoviral L3 (Ad L3; lanes 1-3) or human ApoCI (lanes 4 -6) substrates. Arrows indicate the precursor mRNA (pre-mRNA), the 5Ј cleavage products (5Ј CP), and the 3Ј cleavage products (ApoCI 3Ј CP, and Ad L3 3Ј CP). (C) A schematic of the pG3CMVL3 DNA template and the position of the polyadenylation site is shown. Cotranscriptional cleavage and polyadenylation were performed on this DNA template with either bead-depleted or Cdc73-depleted HeLa nuclear extract. RNA products were then separated into nonpolyadenylated (poly(A)Ϫ) and polyadenylated (poly(A)ϩ) fractions by oligo(dT) selection, and analyzed on a denaturing gel. (D) At the top is a schematic of the pCMVAdML DNA template. The expected sizes of the premRNA and the processed/spliced mRNA are 680 and 560 bp, respectively. Eight microliters or 10 L of bead-depleted (Left) or Cdc73-depleted (Right) nuclear extract was used to transcribe and splice the DNA template. RNA products were analyzed on denaturing gel. resulting immunoprecipitates were tested for enrichment of INTS6 locus DNA by quantitative real-time PCR (Fig. 4A) . Association of Cdc73 and Leo1 proteins with a DNA fragment spanning the promoter-proximal 5Ј UTR of INTS6 was reduced upon Cdc73 depletion (Fig. 4B) . Importantly, Cdc73 depletion decreased the association of CPSF-30, CPSF-73, CstF-64, and CstF-77 but not of RNA polymerase II with this INTS6 region (Fig. 4B) . Levels of histone H3 lysine 4 methylation were also unaffected at this locus by CDC73 depletion (Fig. S3) . Note that the presence of these factors near the promoter supports the view that polyadenylation factors are recruited to active promoters (22) . Extending these results, CPSF and CstF crosslinking to the coding region and the 3ЈUTR of INTS6 was also diminished upon Cdc73 depletion (Fig. S4a) . Cdc73 knockdown also resulted in significant reduction in histone H3 lysine 36 trimethylation across the INTS6 locus (Fig. S3) . The Paf1C and 3Ј processing antibodies did not cross-link to an unexpressed gene, hemoglobin gamma A (HBG1; Fig. S5 ). These results suggest that Cdc73 regulates INTS6 mRNA levels by facilitating recruitment of CPSF and CstF components to the INTS6 locus and/or or that Cdc73 plays a direct role in INTS6 transcription.
Discussion
Previous studies in yeast have supported a role for the Paf1C in mRNA maturation, although the mechanism by which Paf1C mediates 3ЈmRNA processing was mostly unknown. Our current results suggest that human Cdc73 regulates transcript processing by binding to CPSF and CstF and facilitating their recruitment to transcribed loci. Our data suggest that Cdc73 exerts primarily a recruitment role. Whether Cdc73 also plays a regulatory role, or exerts some other function on the CPSF/CstF complex, is yet to be determined. Although various alterations in mRNA processing factors have been linked to cancer (24) (25) (26) , our findings indicate that mRNA maturation may be related to the activity of a tumor suppressor protein.
In addition to its potential to modulate mRNA 3Ј end formation, the Paf1C is associated with a variety of activities that modify chromatin. In yeast, the histone methylation and polyadenylation complexes appear to be linked, because the Saccharomyces cerevisiae protein Swd2 is a component of both the CPF complex and the Set1 complex (27) . The Cdc73 defects that predispose to tumor formation could result from alterations in chromatin structure, alterations in 3Ј mRNA processing, or a combination of these events. In this regard, it is intriguing that mutation of the MEN1 tumor suppressor gene also results in parathyroid tumors, and that the protein product of MEN1, menin, is similarly complexed with the MLL histone methyltransferases (28, 29) .
The Paf1C is localized to transcriptionally active genes, suggesting a possible global role in transcription (30, 31) . However, it does not appear to be required for expression of most genes (6, 7, 10) , and the human Paf1C specifically regulates expression of only a subset of genes, including Hox genes (7) and genes encoding certain growth factors (32) . 3Ј mRNA processing factors have been reported to associate with transcribed loci in yeast and mammalian cells. It still remains unclear whether these factors bind to the entire coding region, including the promoter, throughout transcription (33, 34) or become enriched preferentially at the 3Ј ends of genes (35) . Although our results provide support for the former possibility, genomewide maps for 3Ј mRNA processing factors using microarrays (ChIP-chip) or sequencing (ChIP-seq) will help to clarify this divergence.
Why are only specific target genes affected by loss of Cdc73? One possibility is that both yeast and human Paf1C target genes have a specific sequence or structure at their poly(A) site that is particularly sensitive to loss of cotranscriptional poly(A) factor recruitment. It will be important to determine whether Cdc73-sensitive transcripts in fact share some particular features of their poly(A) site or 3ЈUTR. More broadly, depletion of Cdc73 followed by mRNA analysis on whole-genome tiling arrays could identify additional Paf1C-target genes, including those, like INTS6, that generate 3Ј-extended transcripts in the absence of Cdc73. However, an interesting possibility is that expression of some, perhaps many, genes is not significantly affected when cotranscriptional recruitment of 3Ј processing factors is compromised.
It remains to be determined whether the 3Ј mRNA processing functions associated with Cdc73, shown here, are indeed essential to prevent tumor formation. The development of suitable model systems in which to study parathyroid tumorigenesis and the role of Cdc73, such as tumor-derived cell lines or animal models, will help to resolve this question. Further elucidation of Cdc73 function is likely to contribute to a better understanding of the links between tumor suppression, histone modification, and pre-mRNA processing. 
